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Hornbogen  and  Zun.  Gar,  Neumann  and  others.  <Crack  tip  opening  displacement, 
the  Increment  of  crack  advance,  and  crack  tip  strain  are  assumed  to  be 
dependent  on  the  formation  of  slip  lines  at  the  crack  tip.  Slip  line  length 
and  dislocation  density  are  parameters  in  the  model  which  are  controlled  by 
the  microstructure.  These  concepts  are  used  together  with  crack  tip 
plasticity  and  crack  growth  information  recently  derived  by  Davidson  and 
Lankford  for  aluminum  alloys.  >The  model  may  be  used  in  two  ways:  to  pre¬ 
dict  the  increment  of  crack  growth,  if  the  slip  line  length  is  known,  or 
the  length  of  the  slip  line  may  be  determined  if  the  crack  growth  increment 
is  measured.  Crack  tip  plasticity  data  for  7075-T651  is  used  to  evaluate 
the  model,  and  the  results  obtained  are  compatible  with  the  assumptions, 
and  give  a  value  of  slip  line  length  which  is  compatible  with  the  mean  free 
slip  length  in  the  material. 

In  the  single  crystal  nickel-base  superalloy  task,  the  details  of 
anisotropic  fracture  mechanics  and  crack  tip  stress  field  solutions  have 
been  reviewed^  The  concepts  derived  have  been  used  to  establish  a  test 
matrix  for  the  determination  of  the  influence  of  crystallographic  orienta¬ 
tion  and  applied  stress  state  on  crack  tip  deformation  and  crack  growth 
behavior.  Both  uniaxial  tests  on  compact  tension  specimens  and  multiaxial 
tests  on  notched  tubes  are  currently  being  conducted.  Initial  results 
indicate  a  significant  effect  of  the  ratio  of  applied  shear  stress  to 
applied  normal  stress  on  crack  growth  rate  in  the  multiaxial  tests.  A 
heat  treatment  for  modifying  the  y‘  distribution,  and  thus  the  slip 
character,  has  also  been  identified. 
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I.  RESEARCH  OBJECTIVES 


Task  1.  Influence  of  Metallurgical  Structure  Upon  Crack  Tip 
Micromechanics 

1.  Define  experimentally  the  physical  basis  and  extent  of  crack 
advance  in  alloys  of  varying,  well -characterized  microstruc¬ 
ture. 

2.  Determine  and  measure  experimentally  the  microstructural 
and  micromechanical  elements  which  control  subcritical 
crack  advance. 

3.  Incorporate  microstructural  and  crack  tip  micromechanical 
parameters  into  a  fundamental  crack  growth  model. 


Task  2.  Fracture  Mechanisms  in  Single  Crystal  Nickel -Base 
Superalloys 

1.  Determine  the  influence  of  crystallographic  orientation 
on  subcritical  crack  growth  and  unstable  fracture. 

2.  Identify  the  relative  importance  of  shear  and  normal 
stresses  on  slip  band  cracking. 

3.  Define  the  role  of  slip  character  on  subcritical  crack 
growth  and  unstable  fracture. 

4.  Develop  a  model  for  prediction  of  fracture  behavior. 
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II.  STATUS  OF  THE  RESEARCH  EFFORT 


A.  Task  1 .  Influance  of  Metallurgical  Structure  Upon  Crack  Tip 
Micromechanics 

1 .  Scope 

The  intensive  effort  of  the  past  several  years  to  measure  crack 
tip  parameters  (strains,  CTOD,  etc.)  has  provided  extensive  information  on 
several  alloy  systems.  This  year  the  focus  of  effort  was  extended  to  in¬ 
corporate  this  information  into  micromechanical  models  for  fatigue  crack 
growth.  Preliminary  experimental  work  was  also  begun  on  defining  the  crack 
tip  mechanics  of  a  family  of  high  temperature  powder  metallurgy  alloys. 

The  overall  thrust  of  the  present  work  is  to  understand  and  model  the  ef¬ 
fect  of  metallurgical  and  microstructural  factors  on  the  micromechanics  of 
fatigue  crack  extension  in  aluminum  and  titanium  alloys. 

2.  A  Model  for  Fatigue  Crack  Advance  Based  on  Crack  Tip 

Metallurgical  and  Mechanics  Parameters 

Fatigue  crack  growth  at  near-threshold  rates  has  been  modeled 
using  concepts  previously  suggested  by  Hornbogen  and  Zum  Gar,  Neumann  and 
others.  Crack  tip  opening  displacement,  the  increment  of  crack  advance, 
and  crack  tip  strain  are  assumed  to  be  dependent  on  the  formation  of  slip 
lines  at  the  crack  tip.  Slip  line  length  and  dislocation  density  are  param 
eters  in  the  model  which  are  controlled  by  the  microstructure.  These  con¬ 
cepts  are  used  together  with  crack  tip  plasticity  and  crack  growth  informa¬ 
tion  recently  derived  by  Davidson  and  Lankford  for  aluminum  alloys.  The 
model  may  be  used  in  two  ways:  to  predict  the  increment  of  crack  growth, 
if  the  slip  line  length  is  known,  or  the  length  of  the  slip  line  may  be 
determined  if  the  crack  growth  increment  is  measured.  Crack  tip  plasticity 
data  for  7075-T651  is  used  to  evaluate  the  model,  and  the  results  obtained 
are  compatible  with  the  assumptions,  and  give  a  value  of  slip  line  length 
which  is  compatible  with  the  mean  free  slip  length  in  the  material. 

a.  Introduction 


Fatigue  crack  growth  rate  is  known  to  depend  upon  a  number 
of  metallurgical  factors.  Hornbogen  and  Zum  Gar  developed  a  qualitative 
model  for  a  precipitation  hardened  [1]  alloy  of  Fe-Ni-Al,  which  included 

1)  the  effect  of  precipitate  shearability  on 
slip  reversibility  and  homogeneity;  and 

2)  the  effect  of  slip  localization  within  a 
single  grain. 

Later,  Lindigkeit,  Terlinde,  Gysler  and  Lutjering  used  this  model  to  ex¬ 
amine  their  results  for  Al-Zn-Mg-Cu  [2]  and  Ti-Al  alloys  [3].  A  more 


quantitative  model  using  slip  length  and  dislocation  pileup  theory  was 
recently  formulated  by  Terlinde  and  Lutjering  for  tensile  fracture  in  Ti- 
A1  alloys  of  varying  grain  size  [4]. 

Using  a  completely  different  approach,  Cnakrabortty  has 
formulated  a  model  for  fatigue  crack  growth,  but  which  also  used  slip 
length  [5].  This  model  was  the  latest  and  most  refined  of  a  series  of 
similar  models  initiated  by  Liu  and  Ino  [6]  in  1969.  A  similar  series  of 
models,  built  on  the  original  work  of  McClintock  and  Irwin  in  1965,  was 
recently  articulated  in  its  most  advanced  form  by  Lanteigne  and  Bailon  [7]. 
These  models  do  not  explicitly  define  a  slip  length,  but  instead  use  the 
concept  of  a  process  zone,  defined  as  a  region  in  which  metallurgical  fac¬ 
tors  are  important.  Saxena  and  Antolovich  [8]  determined  that  the  size  of 
the  "process  zone"  correlated  with  subcell  size  for  Cu  and  Cu-2.2A1  and 
with  the  grain  size  for  Cu-6.3A1,  which  did  not  readily  form  subcells.  In 
modeling  the  growth  of  small  fatigue  cracks,  Tanaka  [9]  has  also  used  the 
concept  of  a  grain  size  limited  slip  line,  and  modeled  the  process  using 
the  BCS  theory.  Experimental  work  on  very  rapidly  growing  fatigue  cracks, 
observed  under  high  resolution  conditions  by  Neumann  [10]  and  Vehoff  and 
Neumann  [11],  have  shown  the  detailed  steps  accompanying  crack  extension 
and  supplied  some  information  on  the  formation  of  slip  lines  at  the  crack 
tip.  Although  microstructural  parameters  are  not  included  in  their  analy¬ 
sis,  crystallographic  factors  are. 

The  efforts  of  these  numerous  investigators  to  relate 
microstructural  parameters  to  the  macroscopic  factors  driving  fatigue  crack 
growth  has  been  hampered  by  the  necessity  of  having  to  use  either  theoreti¬ 
cal  determinations  or  assumptions  about  the  behavior  of  the  crack  tip. 
Recent  dynamic  observations  of  fatigue  crack  growth  under  high  resolution 
conditions  coupled  with  accurate  determinations  of  crack  tip  opening  dis¬ 
placements  and  strains  have  provided  information  not  previously  available. 
Interpretation  of  results  from  this  work  [12],  have  led  to  the  conclusion 
that  failure  of  the  material  at  the  crack  tip  can  be  described  in  the  same 
way  as  failure  of  a  low-cycle  fatigue  specimen.  Thus,  AN  cycles  are  re¬ 
quired  for  the  sudden  advance  of  the  crack  by  an  increment  Aa.  This  find¬ 
ing  has  substantiated  a  major  assumption  of  all  the  models  previously 
mentioned  except  that  of  Neumann.  There  still  remains,  however,  the 
necessity  to  relate  microstructural  parameters  to  Aa;  the  purpose  of  this 
paper  is  to  present  a  model  to  tie  microstructural  parameters  to  the  ex¬ 
ternal  forces  driving  the  crack. 

The  model  will  use  many  of  the  same  ideas  previously  pre¬ 
sented,  but  formulates  the  relations  in  a  new  way  and  incorporates  the 
empirical  relationships  we  have  previously  determined.  The  results  of  the 
model  are  examined  using  previously  published  data  on  7075-T651  aluminum 
alloy  [12,13]. 

Findings  from  that  work  which  are  considered  to  be 
important  to  crack  growth,  and  which  will  be  included  in  the  model, 
are  listed  below: 


1.  Both  crack  tip  opening  displacement  (CTOD) 
and  crack  tip  strain  generally  increase  with 
increasing  cyclic  stress  intensity  factor 
(AK),  but  a  range  of  values  for  both  is 
found  at  any  one  AK. 

2.  Striation  spacing  is  considered  to  be  a 
measure  of  the  increment  of  crack  growth, 
which  for  cracks  grown  without  environmental 
influence,  does  not  correlate  with  either 
CTOD  or  crack  growth  rate. 

3.  All  measured  crack  tip  parameters  may  be 
correlated  with  AK  in  the  range  studied. 

This  considers  similitude  to  exist  between 
crack  tip  fields  for  various  lengths  of 
crack. 

b.  The  Model 

At  very  low  growth  rates  when  AK  just  exceeds  the  threshold 
value  AKjh,  crack  tip  slip  line  geometry  is  considered  to  be  as  shown  in 
Figure  1.  Following  the  ideas  of  Hornbogen  and  Zum  Gar,  one  slip  line 
having  n0  dislocations  is  caused  by  loading  such  a  fatigue  crack  tip.  On 
the  unloading  portion  of  the  cycle,  np  dislocations  move  back  along  the 
slip  line  to  the  crack  tip.  The  total  slip  offset  on  this  one  cycle 
therefore 

(n0-nR)b  (1) 

The  length  of  the  slip  line  rs  could  be  related  to  a  number  of  parameters, 
which  might  include  the  mean  free  dispersoid  spacing,  the  coherency  of  the 
precipitates  and  the  dispersoids,  the  grain  size,  the  shear  stress  t  ex¬ 
erted  on  the  slip  plane,  details  of  the  crystallography  and  favorable  slip 
plane  geometry,  and  the  degree  to  which  secondary  slip  systems  are  activated. 

On  succeeding  cycles,  it  is  probable  that  an  increasing 
difference  will  occur  between  the  number  of  dislocations  generated  at  the 
crack  tip  on  the  loading  cycle  and  the  number  which  return  on  the  unload¬ 
ing  cycle.  With  each  cycle,  some  debris  is  likely  to  collect  along  the 
slip  plane,  due  to  the  threading  of  that  plane  by  dislocations  from  acti¬ 
vated  secondary  sources  and  imperfect  reverse  slip.  This  causes  an  increase 
in  the  difference  (np-no)  on  succeeding  cycles,  which  lowers  the  effective 
driving  stress  by  shielding  the  crack  tip.  Conversely,  continued  shearing 
of  precipitate  particles  by  the  shuttling  dislocations  could  work  soften  the 
material  by  reversion  or  "scrambling"  of  the  precipitates.  Work  softening 
appears  to  be  partially  controlled  by  the  dispersoid  distribution,  so  that 
in  commercial  aluminum  alloys  it  is  less  likely  than  work  hardening  [14]. 

The  slip  distance  rs  may  also  change  with  increasing  cycles;  it  could  either 
increase  or  decrease  depending  on  the  slip  character  of  the  material. 
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FIGURE  1.  CRACK  AT  A  AKeff  JUST  EXCEEDING  THRESHOLD.  The 
crack  has  one  slip  plane  coming  from  the  crack 
tip  at  an  angle  0  to  the  growth  direction.  On 
the  slip  plane  are  Dm  dislocations. 


Dynamic  observation  of  fatigue  crack  growth  in  these  alloys 
has  shown  that  the  crack  begins  a  sequence  leading  to  crack  growth  as  a 
sharp  crack  tip  (small  CTOD),  and  blunts  on  succeeding  cycles  (increasing 
CTOD).  The  details  of  this  process  are  not  known,  and  are  probably  not  the 
same  for  each  growth  increment.  Likewise,  the  changes  in  n0  and  nR  with 
number  of  cycles  is  complex,  with  the  details  not  now  known.  Thus,  for  the 
following  model  Dn  =  (no-nR)  will  be  considered  to  be  a  typical  equilibrium 
value  after  some  cyclic  deformation  at  the  crack  tip  has  occurred.  There¬ 
fore,  the  model  is  not  for  any  one  cycle,  but  relates  to  an  average  value. 

The  model  to  be  developed  pertains  only  to  the  crack  tip  and 
the  material  immediately  adjacent.  Farther  out  in  the  plastic  zone  slip 
also  occurs  causing  strain,  but  these  slip  lines  are  considered  to  be  only 
indirectly  related  to  the  slip  lines  at  the  crack  tip.  For  the  condition 
shown  in  Figure  1,  crack  opening  displacement  parallel  to  x,  the  loading 
axis,  becomes 


CT0Dx  =  DNb  sin  0  (2) 

and  the  increment  of  crack  advance  along  the  slip  line  is 

Aa  =  DNb  (3) 

The  condition  described  above  is  for  a  crack  slightly  above 
the  threshold  for  growth.  At  higher  growth  rates,  the  crack  tip  is  con¬ 
sidered  to  deform  by  emitting  a  number  of  slip  lines  N (K)  at  an  angle  0  to 
the  line  of  the  crack.  The  crack  tip  is  geometrically  modeled  as  illus¬ 
trated  in  Figure  2.  The  experimental  work  of  Neumann  [10]  indicates  that 
this  general  geometric  condition  definitely  pertains  at  high  crack  growth 
rates.  His  photographs  show  numerous  slip  lines  emanating  from  the  crack 
tip. 


Using  the  crack  tip  geometry  shown  in  Figure  2, 

CT0Dx  *  N(K)  DNb  sin  0  (4) 

and  the  crack  growth  increment,  taken  on  average  perpendicular  to  the 
loading,  is 


Aa  =  N(K)  DNb  cos  0  (5) 

t 

The  length  of  the  slip  lines  rs,  the  number  of  dislocations 
on  the  slip  plane  Dn  and  the  stress  are  all  related  for  both  of  these  cases 
by  the  mathematics  describing  a  single  pileup  of  dislocations  under  stress. 
The  relation  derived  by  Hirth  and  Lothe  [15]  for  this  case  is 


D„b  =  T 


(6) 


where  v  *  Poissons  ratio,  p  =  shear  modulus,  and  t  =  shear  stress  on  the 
slip  plane. 


FIGURE  2.  CRACK  AT  LARGE  AKpff,  SHOWING  4.5  SLIP  LINES 
AT  THE  ANGLE  0  TO  THE  DIRECTION  OF  CRACK 
GROWTH.  Slip  lines  are  assumed  to  be  sepa¬ 
rated  by  the  distance  Dnjb. 


Shear  stress  at  the  crack  tip  has  been  determined  by 
Davidson  and  Lankford  for  low-carbon  steel  [16]  through  the  size  of  the 
subgrains  which  form  during  fatigue  crack  growth.  We  have  also  determined 
the  crack  tip  shear  strain  for  this  material  [16],  and  computed  the  same 
values  of  shear  stress  using  the  cyclic  stress-strain  curve 


At  =  K1  (7) 

Thus,  it  is  assumed  that  the  cyclic  stress-strain  curve  measured  for 
aluminum  alloys  also  allows  stresses  to  be  computed  from  measured  strains, 
as  it  has  for  low-carbon  steel.  This  allows  Eq.  (6)  to  be  rewritten  in 
terms  of  the  plastic  shear  strain  range  Ayp. 


tt(1-v)K.| 

p 


(>  rs 


(8) 


The  above  formulation  implies  that  stress  computed  from  measured  strain 
adequately  describes  the  stress  t  acting  on  the  slip  plane  of  the  pileup. 
Strain,  as  determined  from  the  pileup  is  not  defined,  nor  is  displacement, 
as  related  to  the  measured  strain.  Such  definitions  are  a  point  of  much 
difficulty  in  the  formulation  of  models  of  this  type,  so  the  side-stepping 
of  this  issue  is  necessary.  For  all  the  models  previously  mentioned  which 
require  the  use  of  stress  or  strain  near  the  crack  tip,  no  method  which  is 
more  accurate  than  the  one  offered  here  has  been  suggested. 

The  analysis  of  fatigue  cracks  using  the  stereoimaging 
technique  has  allowed  direct  measurement  of  CTOD  and  computation  from  the 
measured  displacements  of  the  crack  tip  strains  [12].  The  three  in-plane 
elements  of  the  strain  tensor,  as  well  as  the  principal  strains  and  maxi¬ 
mum  shear  strain  have  been  determined  [12].  The  plastic  component  of  the 
maximum  shear  strain  at  the  crack  tip  Ayd  is  chosen  here  as  the  relevant 
value  of  strain.  Detailed  fractography  nas  resulted  in  measurement  of 
crack  advance  increment  Aa  [13].  These  quantities  have  been  averaged  and 
correlated  with  the  effective  applied  cyclic  stress  intensity  factor 
AKeff  =  AK-AKjh: 


CTOD  =  CAK^ff 

(9) 

%  "  KoAKerff 

(10) 

Aa  =  A0AK"ff 

(11) 

Combining  Eqs.  (2)  and  (9)  gives,  near  AKjh. 


Dflb  may  be  determined  by  combining  Eqs.  (8)  and  (10) 


°Nb  a  C1  rs  AKeff 


where  Ci  combines  all  the  constant  values.  Thus,  D^b  is  expressed  in  terms 
of  both  the  slip  line  length  and  the  stress  intensity  factor,  which  makes 
it  possible  to  insert  the  relevant  metallurgical  slip  length  controlling 
parameter  for  the  alloy  and  compute  the  number  of  dislocations  in  the  pile- 
up  which  will  result  at  any  stress  intensity  factor.  By  knowing  DNb,  and 
using  Eq.  (12),  the  angle  0  at  AKjh  can  be  computed.  The  relation  between 
these  parameters  may  be  visualized  using  the  construction  shown  in  Figure  3. 

The  model  may  be  used  in  two  ways,  depending  on  whether  Aa 
is  to  be  computed  or  is  known  and  used  in  the  computation.  First,  we  will 
examine  the  computation  of  Aa,  assuming  that  the  quantities  in  Eqs.  (.9)  and 
(10)  are  known.  To  complete  the  model,  it  is  necessary  to  assume  a  depen¬ 
dence  of  0  on  AK.  Since  0  at  AKjH  is  determined,  it  is  necessary  to  know  0 
at  an  upper  limit  and  assume  some  9(K)  dependence  in  between.  The  strain 
analysis  by  Hutchinson  [17]  indicates  that  the  value  of  0  for  maximum  shear 
strain  occurs  at  approximately  85°,  and  this  value  has  been  taken  for  the 
model.  The  function  0(AK)  is  assumed  to  be 


0(K)  =  90AKgff  (14) 

where  0O  and  u  may  be  determined  from  the  AKjh  value  of  0  and  the  upper 
limit  of  0  at  a  high  AK,  which  is  a  variable.  It  may  be  necessary  to  assume 
other  functions  for  different  materials. 

Inputs  for  the  model  are: 

1)  Material  parameters  v  and  p  and  the  cyclic 
stress-strain  curve. 

2)  Slip  plane  length  rs,  which  is  dependent  on 
a  microstructural  factor  limiting  the  length 
of  the  slip  plane. 

3)  AKjh  and  the  empirically  derived  parameters 
C,  q,  Ko»  and  r  in  Eqs.  (9)  and  (10). 

4)  The  value  of  K  at  which  0  *  85°. 

The  model  then  allows  computation  of 

1)  0,  N(K)  and  the  crack  growth  increment  Aa. 

2)  CTODy,  defined  as  the  Mode  II  crack  opening 
displacement. 

Crack  advance  Aa  occurs  because  of  the  permanent  displace¬ 
ment  Dflb  which  accumulates  by  irreversible  slip  processes  during  AN  cycles. 
It  has  been  shown  previously  [12]  that  AN  may  be  determined  by  considering 
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FIGURE  3. 
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GEOMETRIC  RELATIONS  BETWEEN  PARAMETERS  MEASURED  AND 
DERIVED  BY  THE  MODEL,  FOR  NEAR  AKjh  CONDITIONS. 

a)  In  terms  of  the  model  parameters. 

b)  In  terms  of  the  measured  material 
parameters.  For  higher  AK,  the 
hypotenuse  is  multiplied  by  N(K). 
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the  fracturing  element  at  the  fatigue  crack  tip  as  similar  to  a  low-cycle 
fatigue  specimen;  failure  occurs  according  to  the  equation 


AypAN6  =  ec  (15) 

where  ec  and  6  were  determined  from  the  measured  crack  tip  parameters, 

Eqs.  (9 )- (11). 


Crack  growth  rate  da/dN  may  then  be  computed  from  Aa/AN.  At 
near- threshold  crack  growth  rates,  Aa  is  caused  by  irreversibility  along  one 
slip  band,  which  occurs  slowly,  over  numerous  cycles,  because  of  the  low 
crack  tip  stress;  few  secondary  slip  planes  are  activated  which  are  the 
primary  source  of  debris  accumulation  and  which  cause  imperfections  in  re¬ 
versibility.  As  AK  increases,  so  does  the  rate  of  slip  plane  imperfection 
accumulation;  thus,  the  number  of  cycles  AN  decreases. 

The  crack  growth  rate  da/dN  may  be  computed  using  Eqs.  (5) 

and  (15). 


da  ia  N(K)DNb  cos  6 
dN  ~  AN  T7F“ 

Substituting  Eq.  (13)  for  Of^b  and  Eq.  (TO)  for  Ayp  gives 

da  _  N(K)C]  cos  9  rs  (n»+1/6)r 

dN '  wva  eff 

Empirically  the  crack  growth  rate  may  be  expressed  as 

&  *  BiKaff 

Comparing  Eqs.  (17)  and  (18)  gives 

N (K)C-j  cos  0 


B  = 


W 


W 

s  *  (n'+l/6)r 


Solving  Eq.  (20)  for  B  gives 


B  = 


s-n'r 


(16) 

(17) 

(18) 

(19) 

(20) 

(21) 


Previously  [12],  B  was  derived  from  crack  tip  mechanics  factors  as 


Comparison  of  Eqs.  (21)  and  (22)  gives  the  exponent  in  Eq.  (11) 


n  =  n'r  (23) 

The  constant  Aq  in  Eq.  (11)  may  be  determined  by  combining  Eqs.  (4),  (5), 
(8)  and  (9)  to  give 


A 


o 


C 

tan  9 


AKq"n 


(24) 


If  Aa  has  been  measured,  and  may  be  represented  by  Eq.  (11) 
then  the  model  may  be  used  in  a  second  way.  Eqs.  (2),  (3)  and  (9)  may  be 
combined  to  give,  near  AKjh 


6  *  Arc  sin  (^  AK^J) 


(25) 


Slip  line  length  r*  is  then  determined  from  Eqs.  (12)  and  (13).  At  higher 
AKeff.  Eqs.  (8)  ana  (10)  are  combined  to  compute  Dj^h,  and  Eqs.  (4)  and  (5) 
are  combined  to  give 


0  ■  Arc  tan  (■£-  AK^") 


(26) 


Eq.  (4)  or  (5)  is  then  used  to  compute  N(K). 
c.  Evaluation  of  the  Model 


Data  obtained  from  the  ingot-derived,  peak-aged  aluminum 
alloy  7075-T651  will  be  used  to  evaluate  the  model  [12].  Cracks  were  grown 
in  vacuum  (or  a  very  dry  environment)  over  the  range  6  <  AK  <  12 
and  the  crack  tip  parameters  listed  in  Table  I  were  measured. 

Equations  (2)-(26)  were  incorporated  into  minicomputer 
programs  which  had  as  their  input  and  output  those  values  previously  given. 
Table  II  shows  values  for  the  various  parameters  computed  by  using  the 
model  in  the  second  way  described;  i.e.,  0  is  computed  from  measured  Aa  and 
CTOD.  Conversely,  if  the  model  is  used  in  the  first  way  described,  with  r* 
and  0(K)  as  inputs,  the  results  of  Table  III  are  obtained.  Using  the  model 
in  this  way  requires  AK(9  *  85°)  be  chosen;  12  MN/m3/2  was  used  in  the  com¬ 
putation  of  Table  III. 

The  computation  of  CTODy  (Row  7  of  Tables  II  and  III)  is 
made  by  using  the  expression 
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TABLE  I 

CRACK  TIP  PARAMETERS 
7075-T651  in  a  Vacuum/Dry  Environment 

AK  =  MN/m3/2  CTOD  and  Aa  =  m 

C  *  1.4xl0"10  K-j  =  775  MPa 

q  *  3.6  n'  =  .0594 

Kq  =  1 .3xl0"4  y  =  2.6xl04  MPa 

r  =  3.0  v  =  0.33 

Aq  «  2xl0'7  B  =  0.49 

n  *  0.27  ec  55  0.4 


TABLE  II 


7075-T651  VACUUM 
rg  =  8.8  ym 


AK  MN/m3/2 

4 

6 

8 

9{°) 

4 

15.3 

35.5 

N(K) 

1 

1.1 

1.3 

°Nb 

0.29 

0.31 

0.33 

°N 

972 

1044 

1100 

CT0Dx 

0.021 

0.089 

0.25 

CTOD 

0.29 

0.03 

0.08 

J 

Aa 

0.29 

0.32 

0.35 

DNb,  CTOD  and  Aa  =  ym. 


TABLE  III 

7075-T651  VACUUM 
rs  =  8.8  ym 

AK  MN/m3/2  4  6  8 


where  N(K0)  =  the  non- symmetrical  magnitude  of  N(K),  which  is  determined  as 
follows:  at  AK  =  8  MN/m3/2,  the  value  of  N(K)  =  1.3,  but  for  symmetric 
yielding,  N(K)  =  2.  Therefore,  the  non- symmetric  magnitude  of  N(K)  is  the 
difference,  0.7. 

Comparison  of  the  values  of  Aa  computed  in  Table  III  with 
those  measured  (Table  II)  indicates  that  a  reasonable  value  can  be  computed 
using  the  model,  if  rs  and  AK(9  =  85°)  are  properly  chosen,  except  at  AK  = 
15  MN/m3/2.  The  values  of  0  and  N(K)  are  computed  assuming  that  threshold 
AK  is  slightly  lower  than  4  MN/m3/2.  Crack  growth  rates  for  the  material 
tested  [12]  did  not  indicate  an  ever  more  rapidly  decreasing  rate  with  de¬ 
creasing  AK,  which  would  have  allowed  deduction  of  a  threshold  AK,  but 
rather  remained  linear  down  below  6  MN/m3/2.  Thus,  the  parameters  in 
Table  I  were  derived  on  the  basis  that  AKth  =  0  because  both  CTOD  and  Ayp 
correlated  best  with  AK  when  this  assumption  was  made.  The  crack  growth 
data  of  Kirby  and  Beevers  [18]  indicates  that  AKjh  r  3.5  MN/m3/2  -js  very 
near  threshold  and  conforms  to  the  assumption  of  the  model. 

The  crack  growth  rate  parameters  B  and  s  may  be  computed 
from  Eqs.  (19)  and  (20)  using  the  values  listed  in  Tables  I  and  II  (Table 
IV).  Likewise,  the  crack  growth  increment  parameters  n  and  A0  may  be  com¬ 
puted  from  Eqs.  (23)  and  (24).  The  computed  value  of  n  =  0.18,  which  is 
lower  than  the  0.27  measured;  consequently  it  is  not  surprising  that  A0  is 
not  a  constant  value,  but  varies  with  AK. 


TABLE  IV 

COMPARISON  OF  MEASURED  AND  COMPUTED  VALUES 
OF  CRACK  GROWTH  RATE  PARAMETERS 


Computed  Measured 
B  1.2xl0'14  1 .6xl0~14 
s  6.4  6.3 


d.  Discussion 

The  model  presented  greatly  simplifies  the  actual  conditions 
at  the  crack  tip;  however,  the  resulting  assumptions  allow  connection  of  the 
material  microstructure  with  CTOD,  crack  growth  increment  and  crack  tip 
strain.  Use  of  the  model  with  average  data  from  7075-T651  indicates  that 
these  parameters  can  be  quantified  with  a  crack  tip  having  less  than  2  slip 
lines  for  AK  <  10  MN/m3/2  but  with  a  rapid  increase  for  higher  AK.  The  de¬ 
rived  angles  fit  well  with  those  observed  and  determined  theoretically. 

This  model  predicts  that  there  should  exist  a  Mode  II  crack  opening,  CTODy, 


which  has  been  observed  [19],  and  the  trend  and  magnitude  of  the  predicted 
change  in  CTODy  are  similar  to  observations,  in  that  CTODy  (at  1  ym  behind 
the  crack  tip)  is  approximately  equal  to  CT0Dx  for  AK  =  6  MN/m3/2,  but  de¬ 
creases  relative  to  CT0Dx  as  AK  increases.  Crack  tip  geometry,  as  listed 
in  Table  II,  is  drawn  approximately  to  scale  in  Figure  4.  The  predicted 
number  of  dislocations  per  slip  plane  appears  to  be  reasonable,  being 
spaced  each  12b  on  the  average  at  AK  =  15  MN/m3/2,  which  is  the  highest 
density.  This  condition  is  relatively  insensitive  to  the  assumptions.  The 
value  of  rs  =  8.8  ym  derived  for  7075-T651  is  rather  insensitive  to  the 
values  of  the  crack  tip  constants  found  in  Table  I,  but  it  is  sensitive  to 
the  magnitude  of  the  cyclic  stress-strain  curve  K] ,  as  is  shown  in  Table  V. 

The  most  probable  values  of  Ki  are  700  <  Ki  <  900  MPa, 
which  would  mean  7  <  r$  <  10  ym.  These  values  of  rs  should  be  related  to 
the  microstructure  in  some  way.  Unfortunately,  no  one  has  derived  a  method 
for  measuring  this  parameter  for  this  material  [20],  unlike  some  titanium 
alloys  where  a  value  of  r$  may  be  more  readily  derived  from  the  microstruc¬ 
ture.  For  7075-T651 ,  the  dispersoid  spacing  as  derived  from  transmission 
electron  microscopy  is  in  the  range  0.5-2  ym  [21],  and  the  grain  size  is 
about  200  ym.  Thus  the  derived  value  of  rs  is  in  the  size  range  of  the 
dispersoid  spacing,  as  would  be  reasonable  for  this  alloy;  rs  might  also 
be  related  to  the  mean  free  path,  MFP,  in  this  material,  which  is  greater 
than  dispersoid  spacing.  MFP  is  defined  as  the  average  distance  along  a 
straight  line  between  dispersoids.  MFP  is  related  to  the  diameter  (d)  and 
volume  fraction  of  dispersoids  (f)  by  [22] 

MFP  -  |d(l-f)/f  (28) 

For  7075-T651 ,  f  =  1-2%  [23]  which  means  3.3  <  MFP  <  6.6  ym.  If  the 
average  value  of  5  ym  is  used  as  the  slip  distance  rs,  along  with  K(0  =  85°) 
13  MN/m3/2  and  Ki  =  825  MN/m2,  the  results  in  Table  VI  are  derived  using  the 
model . 

As  may  be  judged  from  the  ratio  of  computed  Aa  to  striation 
spacing  (ss)  derived  from  fractography--the  last  row  of  Table  VI--the  agree¬ 
ment  is  satisfactory.  Thus,  it  is  concluded  that  the  parameters  in  the 
model  may  be  changed  slightly  and  combined  with  the  mean  free  path  to  yield 
satisfactory  agreement  with  the  experimental  data.  Of  course,  the  correla¬ 
tion  between  MFP  and  rs  may  also  be  only  fortuitous. 

The  model  also  allows  the  crack  growth  parameters  B  and  s  in 
Eq.  (18)  to  be  related  to  derived  crack  tip  plasticity  and  cyclic  stress- 
strain  parameters.  The  values  computed  from  Eqs.  (19)  and  [20)  and  shown 
in  Table  IV  are  remarkably  close  to  those  derived  from  experiment,  and  lend 
confidence  to  the  model. 

Another  level  of  complexity  in  the  growth  of  fatigue  cracks, 
as  yet  not  discussed  here,  may  also  be  examined  by  the  model  presented. 
Direct  observation  of  crack  growth  under  conditions  of  high  resolution  has 
revealed  that  during  the  several  loading  cycles  preceding  crack  extension, 


FIGURE  4.  7075-T651  FATIGUE  CRACK  GROWN  IN  VACUUM.  The  crack 

tip  slip  line  configurations  predicted  by  the  model 
are  drawn  to  scale.'  Note  that  the  crack  opening  in 
(a)  is  too  small  to  be  accurately  depicted,  and  in 
(e)  the  distance  between  slip  lines  is  shown  equal 
to  D^b.  Values  are  taken  from  Table  II. 


TABLE  VI 


7075-T651  VACUUM 
rg  =  5  pm 


AK  MN/m3/2 

4 

6 

8 

0 

6.7 

16.1 

29.9 

N(K) 

1 

1.7 

2.5 

°N 

584 

628 

661 

CT0Dx 

0.021 

0.089 

0.2 

CT0Dy 

0.17 

0.054 

0.03 

Aa 

0.17 

0.31 

0.4 

Aa/ss 

* 

0.95 

1.2 

* 


Below  measurement  length. 
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the  crack  tip  becomes  increasingly  blunt  with  each  cycle  [12].  Since  crack 
tip  strain  and  CTOD  have  been  experimentally  related  by 

iYp  =  A  C0X  (29) 

the  increase  in  CTOD  is  accompanied  by  an  increase  in  strain  at  the  crack 
tip  [12].  These  findings  have  been  used  to  explain  why  a  range  of  Ayp  and 
CTOD  are  determined  for  the  same  applied  AKeff;  measurements  of  these  fac¬ 
tors  were  apparently  made  at  various  fractions  of  the  number  of  cycles  AN 
experienced  by  the  crack  tip  prior  to  extension. 

The  model  was  derived  considering  only  average  behavior  of 
the  crack  tip;  however,  the  variation  in  CTOD  and  Ayp  which  occurs  at  a 
fixed  AKeff  can  also  be  examined  by  considering  the  equations  for  CT0Dx, 

D^b  and  9,  Eqs.  (4),  (8)  and  (26).  As  the  crack  is  cycled  at  a  value  of 
AKeff,  the  angle  of  the  slip  lines  is  established  by  Eq.  (26).  Increases 
in  CTOD  occur  by  increases  in  either  N(K)  or  D^b,  or  both,  according  to 
Eq.  (4),  while  increases  in  Ayp  will  result  in  an  increase  in  DNb  propor¬ 
tional  to  (Ayp)n  ,  according  to  Eq.  (8),  and  assuming  rs  is  a  fixed  value. 
But  n#  is  a  small  number,  -.06;  therefore,  changes  in  Ayp  of  the  magnitude 
observed  result  in  small  changes  in  D|\jb»  which  means  that  nearly  all  the 
changes  in  CT0Dv  observed  is  due  to  a  change  in  the  number  of  slip  lines 
N(K). 


The  odd  number  of  slip  lines  computed  by  the  model.  Tables 
II,  III  and  VI,  may  thus  be  interpreted  as  the  result  of  using  the  average 
value  of  CTOD  and  Ayp.  It  is  more  realistic  to  think  that  N(K)  must  be  a 
whole  number,  and  that  this  would  be  achieved  during  the  process  of  crack 
tip  blunting  which  occurs  prior  to  growth.  As  an  example  of  this  consider 
the  model  results  in  Table  VI  for  AK  =  6  MN/m3/2  where  N(K)  =  1.7.  At  the 
beginning  of  the  AN  leading  to  crack  advance,  the  slip  line  would  be  short, 
quickly  lengthening  to  rs  in  one  or  a  few  cycles.  One  more  cycle  would 
cause  another  slip  line  to  form  as  CT0Dx  continued  to  increase,  growing 
ultimately  with  more  cycles  to  length  rs,  just  prior  to  crack  advance. 

What  started  as  one  slip  line  ended  as  two  as  CTOD  increased  during  AN. 
There  were,  however,  only  1.7  slip  lines  required  to  produce  the  average 
CTOD  at  AK  =  6  MN/m3/2,  For  higher  AK,  the  AN  prior  to  crack  advance  is 
decreased  (ultimately  to  1  for  AK  >  12  MN/m3/2);  thus,  there  should  be 
less  variation  in  CT0Dx  and  Ayp  since  they  will  be  nearly  the  same  on  each 
cycle.  This  seems  to  be  consistent  with  observations  [12]. 

This  model  is  recognized  as  having  limitations.  Perhaps  the 
most  serious  is  that  not  all  the  factors  associated  with  fatigue  crack 
growth  under  constant  cyclic  loading  are  included  in  the  model;  e.g.,  it 
does  not  relate  the  existence  of  the  threshold  directly  to  metallurgical 
parameters,  nor  is  the  phenomenon  of  crack  closure  included.  Through  con¬ 
tinued  evolution,  it  may  be  possible  to  include  such  factors  and  to  use 
theoretical  determinations  of  CTOD  and  crack  tip  strain.  The  effects  of 
environment  may  be  partially  included  in  the  model  through  measured  changes 
in  CTOD  and  strain  [12].  Environmental  effects  and  the  use  of  the  model 
with  other  microstructures  will  be  reported  separately. 


The  model,  as  formulated,  does  not  specifically  include  any 
effects  of  the  crystallographic  orientations  of  the  grains  through  which 
the  crack  is  growing.  At  this  time,  at  least  for  aluminum  alloys,  there  is 
insufficient  information  to  include  this  factor.  If  the  angle  between  the 
slip  direction  and  the  crack  growth  directions  was  known,  it  should  be  pos¬ 
sible  to  test  the  model  through  use  of  the  equations  which  have  been 
deri ved. 

e.  Comparison  With  BCS  Theory 

The  similarities  between  this  model  and  the  BCS  theory  for 
fatigue  crack  growth  [24]  are  interesting:  both  models  consider  CTOD  to  be 
due  to  dislocations  moving  on  slip  planes,  and  that  a  number  of  cycles  are 
required  for  a  work  hardening  material  to  reach  a  condition  of  maximum 
crack  tip  displacement,  which  results  in  an  increment  of  crack  growth  which 
is  proportional  to  the  crack  tip  displacement. 

The  present  model  differs  from  the  BCS  model  in  that  the 
angle  between  the  crack  growth  direction  and  the  slip  planes  is  variable 
(it  is  fixed  in  BCS  at  9  =  0  or  45°),  and  the  number  of  slip  lines  N(K) 
increases  as  AK  increases  (N(K)  is  fixed  at  1  or  2  in  BCS  theory  develop¬ 
ment).  Stress  is  brought  into  the  BCS  theory  directly  through  an  applied 
stress  on  the  cracked  body  and  an  average  stress  through  the  plastic  zone, 
while  the  present  model  uses  AK  as  a  correlating  parameter,  with  stress 
determined  through  the  cyclic  stress-strain  curve  and  measured  crack  tip 
strain.  The  advantage  of  this  latter  approach  is  that  crack  length  is  not 
a  factor  in  the  model,  and  that  stress  enters  through  the  macroscopic 
(engineering)  parameter  AK. 

f.  Summary  and  Conclusions 

1.  A  crack  tip  slip  line  model  has  been  hypothesized 
which  is  used  in  conjunction  with  crack  tip  de¬ 
formation  and  growth  data  measured  for  an  aluminum 
alloy  to  derive  equations  from  which  the  length 

of  the  slip  line  and  angle  to  the  direction  of 
crack  growth  may  be  computed. 

2.  The  model  when  applied  to  7075-T651  ingot  alloy 
gives  results  which  are  compatible  with  the 
assumptions.  The  slip  line  length  appears  to 
be  related  to  the  mean  free  path  between  dis- 
persoids. 

3.  The  model  introduces  mixed  mode  crack  tip 
opening  displacement,  which  has  been  experi¬ 
mentally  observed,  and  predicts  that  the  Mode 
II  component  of  CTOD  will  oscillate  with  de¬ 
creasing  AK,  reaching  a  maximum  at  AK  threshold. 
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B.  Task  2.  Fracture  Mechanisms  in  Single  Crystal  Nickel -Base 
SuperalldyF 

1 .  Scope 

The  improved  creep-rupture  properties  of  single  crystal  nickel- 
base  superalloys  compared  to  columnar-grained  and  conventionally  cast  blade 
materials  make  them  attractive  for  the  next  generation  of  turbine  blades 
in  advanced  military  gas  turbine  engines.  In  contrast  to  conventionally 
cast  alloys,  the  mechanical  properties  of  the  single  crystal  superalloys 
are  highly  anisotropic.  The  effect  of  the  anisotropy  on  the  mechanisms  of 
creep  in  this  class  of  alloys  has  been  extensively  studied  over  the  tem¬ 
perature  range  760-1000°C.  Although  fatigue  crack  initiation  has  been 
characterized  for  single  crystal  superalloys  with  an  [001]  tensile  axis 
orientation,  very  little  is  known  about  crack  growth  in  these  materials. 

In  particular,  the  effects  of  the  relative  alignment  of  the  crystallographic 
orientation  with  respect  to  the  applied  stress  state  have  yet  to  be  deter¬ 
mined. 


The  current  program  is  aimed  at  identifying  and  modeling  the 
key  factors  controlling  subcritical  crack  growth  and  unstable  fracture  in 
single  crystal  nickel-base  superalloys.  The  experiments  are  concentrating 
on  the  influence  of  the  angles  between  the  loading  axis  and  the  crystallo¬ 
graphic  axes  of  the  material  for  both  unidirectional  and  multiaxial  loading. 
In  addition,  experiments  are  planned  in  both  the  low  and  intermediate  tem¬ 
perature  range  where  hetereogeneous ,  planar  slip  is  predominant  and  in  the 
higher  temperature  regime  where  homogeneous,  wavy  slip  prevails,  y '  size 
and  distribution  will  also  be  used  as  a  variable  to  effect  a  change  in 
slip  character. 

2.  Current  Status 


The  basic  concepts  of  anisotropic  elasticity  have  been  used  to 
develop  a  fracture  mechanics  approach  to  crack  tip  deformation  and  crack 
growth  phenomena  in  single  crystals.  This  approach  was  subsequently  used 
to  design  an  appropriate  test  matrix  for  the  single  crystal  orientations 
of  interest.  Severe  delays  were  encountered  in  material  delivery  due  to 
difficulties  encountered  by  the  casting  vendor  during  processing.  Thus, 
the  testing  phase  could  not  begin  before  the  eleventh  month  of  the  twelve- 
month  reporting  period.  The  efforts  to  date  will  be  discussed  as  follows: 

1)  a  review  of  anisotropic  fracture  mechanics  and  crack  tip  stress  fields; 

2)  a  description  of  the  material  and  experimental  procedures;  3)  presenta¬ 
tion  of  initial  crack  growth  results  in  notched,  multiaxially  loaded 
tubes;  and  4)  a  discussion  of  the  slip  character  in  ordered  LI 2  crystal 
structures. 


a.  Anisotropic  Fracture  Mechanics 

The  basic  descriptions  of  plane  anisotropic  elasticity 
have  been  described  by  Lekhnitski  [1]  and  Sih  and  Liebowitz  [2].  A  com¬ 
plex  analytic  function  is  defined  such  that 


r«r*y 


Then  the  three  independent  stresses  become 

°xx  =  2  Re  +  y22^2(z2)] 

°yy  =  2  Re  [V2])  +  Vz2^  (2) 

Txy  =  -2  Re  [y-j^i (z-j )  +  y^C^)] 
where  the  yi  are  roots  of  a  characteristic  equation 

*  A  A 

a 1 1 yi  -  2a-|gy  +  ( 2a -j ^  +  3gg)p  ”  2®26y  *  ^22  ~  ^ 

with  the  aij  being  the  elastic  compliances.  The  solution  of  the  stress 
field  involves  the  determination  of  $l(zi)  and  $2(z2)  where: 

2i  =  xj  +  (4> 

The  procedure  for  the  anti -plane  problem  is  similar  but  only  one  function 
needs  to  be  found,  Z3. 

Due  to  the  crystallographic  nature  of  the  cracking  expected 
at  low  to  intermediate  temperatures,  a  crack  tip  stress  field  which  allows 
for  the  operation  of  all  three  crack  opening  modes  is  required.  The 
general  plane  strain  anisotropic  crack  tip  field  solution  for  an  ortho¬ 
tropic  plate  is  given  by  [2,3] : 
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where:  Kj  =  stress  intensity  factor  for  Mode  j. 

dj  =  (cos  0  +j;  sin  9)^2. 

r  =  distance  from  the  crack  tip  to  the  point  of  interest. 

9  =  angle  between  the  crack  plane  and  the  point  of  interest. 


Lekhnitski  [1]  recognized  that  once  the  pj  are  known  in  a  plane  of  elastic 
symmetry,  p-|  and  P2  can  be  rotated  in  the  plane  through  an  angle  <J>  by: 


i 

p.|  cos  4>  - 

sin 

,  P2  cos  - 

sin 

i 

cos  4>  +  p-j 

sin 

^2  cos  4>  +  p2 

sin  4> 

t 

p^  cos  <p  - 

sin  <p 

.  ,  p2  cos  <+)  - 

sin 

i 

cos  <p  +  p.| 

sin  <p 

u2  cos  4>  +  p2 

sin  4> 

Thus,  for  a  plate  of  material  with  its  cube  axes  aligned 
with  the  axes  of  the  plate,  ai6  and  a26  are  equal  to  zero  and  the  charac¬ 
teristic  equation  becomes: 


4  2 

a-|-|P  +  (2a12  +  ag6)p  +  a22  =  0 


This  is  a  simple  quadratic  in  p2.  The  pi  for  all  orientations  of  specimens 
lying  within  the  plane  of  the  plate  can  De  simply  solved  by  combining 
Equations  (6)  and  (7). 


In  addition,  Rau  and  Cook  [4]  have  pointed  out  that,  as 
long  as  one  can  assume  an  infinite  body  and  the  stresses  on  the  crack  are 
zero  or  self-equilibrating,  the  stress  intensity  factors  for  the  various 
modes  are  identical  to  their  isotropic  counterparts.  It  should  be  noted 
here  that  although  the  crack  tip  stress  intensity  factors  are  not  influenced 
by  anisotropy  the  stress  and,  therefore,  deformation  fields  are  responsive 
to  the  degree  of  anisotropy  (see  Equation  (5)). 


As  a  relevant  example,  consider  the  geometry  of  a  thin- 
walled  tube  containing  a  crack  shown  in  Figure  1.  For  our  purposes,  an 
alternating  ayy  and  aXy  stress  combination  will  be  applied.  The  direction 
cosines  between  the  tube  coordinates  (xyz)  and  the  crack  coordinates 
(x'y'z')  are  given  in  Table  I. 


Then: 


Aa  ,  i  =  Aa  m„  +  2At  £,0m0 
y  y  yy  2  xy  2  2 

A-rx,y,  =  Aayym1m2  +  At^U^  +  m^) 
ATy'z'  “  Aoyym2m3  +  Axxy(m2£3  +  VV 


where  6  is  a  correction  factor  for  curvature  in  tubular  specimens.  Figure 
2  [5].  Although  most  of  the  crystallographic  cracking  in  the  tubular 
specimens  would  not  be  expected  to  lie  either  along  or  perpendicular  to 
the  axis  of  the  tubes,  it  is  felt  that  a  good  estimate  of  6  for  other 
angles  can  be  derived  from  the  data  in  Figure  2.  This  is  particularly 
true,  since  the  maximum  X  reached  prior  to  failure  to  date  has  been  ap¬ 
proximately  1.4. 


TABLE  I 

DIRECTION  COSINES  BETWEEN 
x  y  z  and  x'  y'  z1 


JL  JL  _L 

x  1  ^  m.|  n.| 

y 1  ^2  mz  n2 

z'  13  m3  n3 


b.  Material  and  Experimental  Procedure 

The  material  chosen  for  this  study  was  a  modified  Mar-M-200 
composition  consisting  of  Ni-9Cr-10Co-12.5W-lNb-4.7Al-1.7Ti-<50  ppm  C.  The 
A1  and  Ti  contents  are  slightly  lower  than  those  found  in  commercial  Mar-M- 
200  to  avoid  the  formation  of  eutectic  y'  pools.  C  is  also  kept  to  a  mini¬ 
mum  to  prevent  the  formation  of  carbides.  Thus,  the  resultant  microstruc¬ 
ture  Is  very  clean  with  only  y'  precipitates  in  a  matrix  of  y.  Both  plate 
and  rod  single  crystal  material  were  solutionized  at  2250°F  for  four  hours 
and  subsequently  aged  at  1600°F  for  32  hours.  This  heat  treatment  yielded 
a  uniform  distribution  of  cuboidal  y'  precipitates  approximately  0.2  ym  on 


Single  crystal  rods  were  machined  into  tubular  specimens 
while  the  plate  single  crystal  material  was  machined  into  standard  compact 
tension  specimens.  A  photograph  of  typical  specimens  along  with  a  small 
tensile  specimen  is  shown  in  Figure  3.  A  catalog  of  specimen  orientations 
for  the  tubes  and  compact  tension  specimens  is  given  in  Tables  II  and  III, 
respectively.  Also  included  in  Table  II  is  the  orientation  of  the  center 
of  an  0.040"  long  through-thickness  notch  placed  perpendicular  to  the  axis 
of  the  cube  axis  tubular  specimens.  The  test  schedule  for  the  three  speci¬ 
mens  with  their  notches  centered  on  [001]  includes  tension- torsi  on  fatigue 
in  one  each  of  the  following  three  conditions:  1)  Aa  =  2Ax;  2)  Aa  =  Ax; 
and  3)  Ax  =  2Aa.  The  tests  are  run  under  load  control  with  an  increasing 
stress  intensity  range  due  only  to  crack  growth.  The  absolute  levels  of 
tension  and  shear  are  being  adjusted  to  give  an  initial  effective  stress 
intensity  range  of  14  ksi/irT.  for  all  three  conditions.  The  tension  is 
applied  with  an  R  ratio  of  0.1  while  the  torsion  is  fully  reversed.  The 
two  loads  are  applied  in  phase  with  the  frequency  of  the  tension  twice  that 
of  the  torsion.  Initial  tests  are  being  conducted  at  room  temperature. 

Testing  under  conditions  1)  and  3)  have  been  completed  and 
will  be  described  in  the  next  section.  The  specimen  for  condition  2)  is 
currently  being  run.  Based  on  the  results  of  these  three  tests  the  fourth 
cube  axis  specimen,  with  its  notch  centered  on  [011]  will  be  fatigued  under 
one  of  the  three  conditions  listed  above  to  provide  data  on  the  effect  of 
orientation  as  well  as  applied  stress  state  on  multiaxial  crack  growth. 
Similar  matrices  are  planned  for  the  remaining  specimens.  During  the  test, 
crack  length  and  slip  orientations  are  being  documented  by  making  periodic 
replicas  of  the  crack  tip  regions  on  both  sides  of  the  notch. 

All  compact  tension  specimens  will  be  run  with  the  notch 
cut  perpendicular  to  the  stress  axis.  Electron  and  optical  microscopy  are 
being  used  to  characterize  all  subcritical  crack  growth  fracture  surfaces 
and  deformation  modes.  Deformation  patterns  will  be  compared  to  those  ex¬ 
pected  from  the  resolution  of  the  calculated  crack  tip  stress  fields  onto 
possible  slip  planes. 

c.  Initial  Multiaxial  Fatigue  Results 

The  crack  growth  experiments  using  notched  tubular  speci¬ 
mens  with  a  cube  axis  and  a  cube  direction  perpendicular  to  the  center  of 
the  notch  have  been  completed  for  conditions  1  and  3.  A  plot  of  real 
crack  length,  a,  versus  number  of  cycles  is  given  in  Figure  4  for  both  of 
these  tests.  Two  sets  of  data  are  presented  for  each  condition  due  to  the 
presence  of  cracks  on  both  sides  of  the  notch.  As  can  be  seen  from  the 
data,  a  significant  difference  in  crack  growth  rate  is  brought  about  by 
changing  the  ratio  of  normal  to  shear  stresses.  Although  both  tests  were 
begun  with  identical  values  of  effective  stress  intensity  range  and  data 
collection  started  at  a  crack  length  of  0.005  inches,  the  cracks  in  the 
specimen  which  was  loaded  to  a  value  of  tension  twice  that  for  shear  grew 
considerably  faster  than  those  in  the  specimen  which  was  loaded  to  value 
of  tension  half  that  for  shear.  Although  this  implies  a  pronounced  effect 
of  the  individual  stress  components  on  crack  growth  rate  at  a  given 


FIGURE  3.  TYPICAL  SINGLE  CRYSTAL  SPECIMENS  USED  IN  THIS  STUDY. 
Clockwise  from  upper  left:  1)  notched  tubular 
multiaxial  specimen;  2)  compact  tension  specimen; 

3)  tensile  specimen. 


TABLE  II 


TENSION-TORSION  FATIGUE  SPECIMENS 


Direction  Perpendicular 


No.  of  Specimens  Axis  Orientation  to  Center  of  Notch 


3  <no> 

3 

<001> 

<001> ;  <001 > ;  <110> 

2 

6-8°  off  <001> 

- 

I 

(w/high  angle 
boundary) 

grain 

<00 1> 

<001  > 

1 

(w/high  angle 
boundary) 

grain 

22°  off  <001> 
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TABLE  III 


COMPACT  TENSION 

SPECIMENS 

No.  of 

Notch 

Notch 

Specimens 

Plane 

Direction 

4 

(010) 

<100> 

3 

(no) 

<110> 

2 

(111) 

<2il> 

1 

(230) 

<320> 

1 

(120) 

<210> 

1 

(150) 

<510> 

1 

(130) 

<310> 

Notch 

Front 

<001  > 

<001  > 

<oTi> 

<001  > 

<001  > 

<001> 

<001> 


=  At/2 


THE  NUMBER  OF  CYCLES  FOR  TWO  APPLIED  MULTIAXIAL 
INITIAL  AKeff  OF  14  ksi/Tn. 


effective  stress  intensity  range,  some  other  factors  could  possibly  contri¬ 
bute  to  the  observed  difference.  These  include  an  increased  amount  of 
surface  roughness  induced  crack  tip  closure  as  the  ratio  of  shear  to  ten¬ 
sion  is  increased  and  an  initially  slow  growth  rate  due  to  multiple  crack¬ 
ing  at  the  notch  tips  prior  to  the  establishment  of  dominant  cracks  on 
either  side  of  the  notch. 

The  latter  effect  is  presumably  small  because  multiple 
cracking  was  observed  in  both  specimens  and  the  marked  difference  in  crack 
growth  rate  was  retained  when  dominant  cracks  were  established  on  both 
sides  of  the  notch.  The  influence  of  roughness  induced  closure  will  have 
to  be  estimated  from  fractographic  observations.  Detailed  fractography  is 
currently  being  conducted  along  with  the  determination  of  active  slip 
planes.  However,  initial  results  do  indicate  that  the  subcritical  crack 
growth  mode  is  cyclic  cleavage  along  (111)  slip  planes,  as  would  be  ex¬ 
pected  from  results  on  identical  single  crystal  material  [6]. 


Influence  of  Slip  Character  on  Crack  Growth 


It  has  been  noted  that  above  *1400°?  the  slip  character  in 
this  modified  Mar-M-200  alloy  changes  from  planar  to  wavy.  Takeuchi  and 
Kuramoto  [7]  and  Pope  and  co-workers  [8-10]  have  shown  a  similar  transition 
in  single  phase  materials  based  on  the  same  crystallography  as  the 
Ni 3 ( A1 ,  Ti,  Nb)  y'  phase  present  in  this  alloy.  They  showed  that  the 
transition  was  due  to  the  onset  of  macroscopic  slip  on  the  cube  plane  and 
that  the  transition  temperature  was  also  strongly  orientation  dependent. 

A  similar  transition  in  slip  character  was  recently  reported  by  Chen  and 
McEvily  [11].  In  that  case,  however,  the  transition  occurred  at  room  tem¬ 
perature  in  samples  compressed  along  a  [111]  axis  as  the  size  of  the 
cuboidal  y'  particles  increased  from  3.9x10*°  inches  to  1.8x10-5  inches. 
They  gave  evidence  that  cube  slip  was  responsible  for  the  transition  which 
they  observed  as  well.  Although  the  occurrence  of  cube  slip  only  in  speci¬ 
mens  with  the  [111]  axis  would  tend  to  agree  with  the  previous  results  and 
the  fact  that  the  ratio  of  the  Schmid  factors  for  cube  and  octahedral  slip 
is  highest  for  this  orientation  [7-10],  cube  slip  normally  requires  a  large 
thermal  activation  and  would  not  be  expected  to  occur  at  room  temperature. 


Chen  and  McEvily  [11]  have  ascribed  their  observations  to 
the  relative  size  of  the  y1  particles  compared  to  the  jog  spacing  along  the 
leading  dislocation  of  a  pair  of  dislocation  about  to  cut  through  an 
ordered  y'  particle.  They  argue  that,  for  small  y'  particle  sizes,  the 
thermally  activated  jog  density  along  the  leading  dislocation  is  such  that 
the  jogs  are  more  widely  spaced  than  the  particle  size.  From  the  model  of 
Takeuchi  and  Kuramoto,  properly  oriented  jogs  are  required  for  cross  slip 
onto  the  cube  plane  to  occur  at  temperatures  below  the  transition  tempera¬ 
ture  for  macroscopic  cube  slip.  Thus,  an  increase  in  y*  particle  size 
would  be  expected  to  increase  the  number  of  jogs  interacting  with  a  given 
y'  particle  in  an  analogous  way  to  increasing  the  jog  density  by  increasing 
the  temperature. 


Whether  or  not  this  explanation  is  valid,  the  observed 
relationship  between  y'  size  and  slip  character  does  present  the  possi¬ 
bility  of  studying  the  effect  of  slip  character  on  crack  growth  at  room 
temperature.  Thus,  selected  material  is  being  resolutionized  and  aged 
just  below  the  y'  solvus  to  generate  material  with  a  uniform  distribution 
of  relatively  large  cuboidal  y'  particles.  Cracks  will  then  be  grown 
through  specimens  with  this  microstructure  which  have  been  oriented  to 
promote  cube  slip  around  the  starting  notch.  Their  behavior  will  then  be 
compared  to  results  in  materials  with  fine  y'  particles  that  show  only 
octahedral  slip. 
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V.  INTERACTIONS  -  1983 


A. 


Task  1 .  Influence  of  Metallurgical  Structure  Upon  Crack  Tit 
Micromechanics  ~ 


1.  Paper  -  Fall  AIME  Meeting,  Philadelphia,  "A  Model  for 

Fatigue  Crack  Growth  Combining  Measured  Crack  Tip  Parameters 
with  Geometric  and  Microstructural  Considerations,"  4  Oct. 


2.  Symposium  -  Organization  and  Chairmen  of  Sessions,  Fall 

AIME  Meeting,  Philadelphia,  "Fatigue  Crack  Growth  Threshold 
Concepts,"  5  sessions,  3-5  Oct. 


3.  Seminar  -  Alcoa,  "Fatigue  Crack  Growth  in  Aluminum  Alloys: 
Experimental  Mechanics  and  Modeling,"  7  Nov. 

4.  Seminar  -  WPAFB,  "Fatigue  Crack  Growth  in  Titanium  Alloys," 
8  Nov. 


5.  Telephone  Contacts  with  Sharon  Langenbeck  at  Lockheed  and 
Greg  Hildebrand  at  Alcoa  concerning  high  temperature 
aluminum  alloys  of  the  Al-Fe-Ce  composition  which  we  have 
begun  to  test  at  temperature. 


B.  Task  2. 


1.  A  dialogue  has  been  maintained  with  Dr.  A.  F.  Giamei, 
United  Technologies  Research  Center.  He  is  planning  to 
visit  SwRI  during  the  first  half  of  1984. 

2.  A  paper  entitled,  "Considerations  for  the  Multiaxial 
Fatigue  of  Nickel-Base  Superalloy  Single  Crystals,"  by 
J.  E.  Hack,  K.  S.  Chan  and  G.  R.  Leverant,  was  presented 
at  the  113th  Annual  AIME  meeting  in  Los  Angeles,  CA, 
February  27,  1984. 


Fracture  Mechanisms  in  Single  Crystal  Nickel -Base 
Superalloys 


